ABSTRACT
INTRODUCTION
The process of photosynthesis in various organisms (plants, algae, photosynthetic bacteria) starts with the high efficient light collection by so-called antenna complexes. Chlorophyll a (Chl a) ‡ and bacteriochlorophyll c (Bchl c) are the major antenna pigments in higher plants and in green photosynthetic bacteria, respectively. Their organization as high efficient light collectors is of crucial importance for the functioning of the overall photosynthetic unit. In contrast to green photosynthetic bacteria, where strong pigment-pigment interactions determine the organization of chlorosomal Bchl c and d (1) , in higher plants the polypeptide amino acid residues bind and organize the antenna Chl a and b by specific and nonspecific interactions (2) . Despite the fact that the structure of several Chl-protein complexes is known at near atomic resolution, the molecular mechanism for their assembly and structural stability remains unclear.
One of the reasons is that the mechanism for Chl selfassembly in aqueous media is also unclear. That such knowledge is of importance is evident by the same effects that medium composition has on both the chlorosomes (3) and Bchl c and d aggregates in aqueous media (4) or on chloroplast fragments (5) and Chl a aggregates in aqueous solvents (6) . While the formation of Chl aggregates in various organic solvent-water mixtures is well documented (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) , little is known about the contribution of the structure and properties of the medium for the assembly and stabilization of different Chl aggregate organizations in aqueous media. A study on the relationship between the Chl aggregation and solvent structure and properties can lead to an elucidation of the mechanism for Chl assembly and dissolution in aqueous media and consequently in the photosynthetic antenna complexes.
Despite the well-documented formation of Chl a aggregates in organic solvent-water mixtures, there are only a few studies aimed at clarifying and quantifying the dependence of the process of Chl a aggregation on the properties of the medium. In earlier studies, only the physical (nonspecific) ‡Abbreviations: ACE, acetone: ACN, acetonitrile; Bchl, bacteriochlorophyll; Chl, chlorophyll; DMSO, dimethylsulfoxide; EtOH, ethanol; FWHM, full width at half maximum; MeOH, methanol; PYR, pyridine; RR, resonance Raman; THF, tetrahydrofuran.
parameters of the medium, the dielectric constant ⑀ (19) and the molecular refraction and molecular polarization of the solvent-water mixtures (6) had been considered. Later studies focused mainly on the detailed description of the spectral properties of the different dimers and aggregates formed in particular polar solvent-water mixtures (15) (16) (17) (18) . The different spectral forms are ascribed to the bulk properties of the medium (15, 18) or to the specific Chl-solvent interactions characteristic of some particular solvents (16, 17) . Uehara et al. (16, 17) found a correlation between solvent structure and selectively formed Chl a aggregates absorbing at 683-695 nm. Recently, Oba et al. (20) presented the solvent composition dependence of Chl aЈ aggregation in aqueous methanol as a phase diagram. They concluded that the Chl aЈ aggregation is similar to a phase separation (a micellization) of nonionic surfactant in water, based on the similarity in critical behavior. However, if the different specific and nonspecific solvation properties of the aqueous medium are not taken into account, and most importantly are not quantitatively described, it is difficult to evaluate the main principles governing the process of Chl association in various aqueous media.
In view of the difficulties applying theoretical expressions for calculating all interactions in three-component systems, another route to establishing the role of the medium is to use some of the empirical solvent scales as quantitative measures of both specific and nonspecific solvating properties. There are a number of empirical parameters that take into account all solute-solvent interactions at a microscopic level (21, 22) . Moreover, several empirical parameters have already been successfully applied in model studies on Chl a and Bchl a (23) (24) (25) . The parametrization of various aqueous media should simplify evaluation of the common solvent effect on Chl aggregation in different systems.
To our knowledge, the present work is the first attempt to use empirical solvent parameters for quantitative description of the different specific and nonspecific solvation properties of the medium during the process of Chl a self-assembly in six polar solvent-water mixtures. Based on this, it was possible to correlate the process of Chl aggregation as well as the type of aggregates formed at the completion of transition with the solvent parameters. The established correlation allowed us to consider the polar solvent effect on Chl a aggregation in aqueous media as a manifestation of the Hofmeister effect, just as it is displayed concerning the structural stability of two other biomolecular assemblies: proteins and lipids. Based on the proposed mechanism, the solvent effect studied here is directly connected to the spectra-structurefunction relationship in vivo.
MATERIALS AND METHODS

Materials.
Chlorophyll a was purchased from Sigma Chemical Co. (catalogue no. C-6144) and used without further purification. All solvents used were freshly dried and distilled prior to use. Methanol (MeOH) and ethanol (EtOH) (p.a.) were allowed to stand over CaO, then dried by Mg turnings; acetone (ACE), acetonitrile (ACN) and carbon tetrachloride (CCl 4 ) (Fluka) were allowed to stand over CaCl 2 , and pyridine (PYR) and tetrahydrofuran (THF) (Merck) over solid NaOH and KOH, respectively. After that, the solvents were filtered, distilled and stored over activated 4 Å molecular sieves (Merck). Water was doubly distilled.
Sample preparations. The stock solution of 1 mg Chl a in 10 mL CCl 4 was prepared and kept in the dark at Ϫ20ЊC. For every series of solvent-water mixtures, equal amounts of the stock solution were put into test tubes and CCl 4 was evaporated with a stream of dry nitrogen. The thin films of Chl a were dissolved in the desired amount (vol%) of the solvent of interest, and then the required amount of water was added. The closed test tube containing the solution was then shaken by hand several times. The concentration of Chl a was determined by its optical density (absorbance) in the red band peak using the molar extinction coefficient in each single solvent (26) . The maxima of the absorption bands and their relative intensities were in good agreement with the published values for these solvents. For every series of solvent-water mixture the concentration of Chl was the same, usually in the range of 2.7-2.9 ϫ 10 Ϫ6 M. The studied concentration range was 2.7-5.7 ϫ 10 Ϫ6 M. Absorption and fluorescence measurements. Absorption measurements were performed on a Specord UV/visible double-beam spectrophotometer (Carl Zeiss, Germany). The spectra are presented as absorption, 1 Ϫ T (T ϭ transmission), in order to better see the details of the spectral transformations. Identical results are observed for a concentration of 2.7 or 5.7 ϫ 10 Ϫ6 M. The fluorescence spectra were recorded on a Perkin-Elmer MPF 44B spectrofluorometer at right angle with respect to the excitation. The excitation wavelength was 430 nm; the spectral bandwidths were 4 nm. The relative fluorescence quantum yields w / o of Chl a in solvent-water mixtures versus that in the pure organic solvent were determined by dividing the ratio of the integrated fluorescence intensities (600-770 nm spectral range) of both samples by the ratio of their absorption, (1 Ϫ T), at the excitation wavelength. The experimental error in the quantum yield was estimated to be 10%. Fluorescence lifetime measurements were done using a laser pulse fluorometer LIF 200 (ZWG, Berlin; excitation source: nitrogen laser [ exc ϭ 337.1 nm, pulse duration ഠ500 ps]; detection system: photodiodes with boxcar integrator, instead of monochromator-only cutoff filters could be utilized). The apparatus is described in detail in Dähne et al. (27) . Laser pulse intensity was around 1 ϫ 10 14 photons/cm 2 . The fluorescence lifetimes were determined by using the standard deconvolution procedure.
Each sample was measured 1 min after preparation at appropriate time intervals until temporal evolution in the spectra was accomplished. Measurements were carried out in closed 1 cm quartz cuvettes at 25ЊC, because data on the used solvent and solvent-water mixture parameters are available in the literature at this temperature.
Parameters of the solvents and solvent-water mixtures. The refractive index (n) measurements of the solvents and solvent-water mixtures were made at 25ЊC with an Abbe-type refractometer from Carl Zeiss Jena.
The interpolated values of the dielectric constant ⑀ for different solvent-water mixtures were taken from the available literature data (see references in Table 1 ) with the exception of ACN-water mixtures. They were calculated using Eq. 22 in Hasted (31) .
The values of the solvent polarity parameter E T (30) for the mixtures were taken from the literature (see references in Table 1 (33) at the respective vol% water was taken for the ACN-water mixture. The same was done for THF-water using the established similarity between THF and dioxane (34); we took the values of E T (30) for the latter solvent in mixture with water that is known (33) .
The parameters electrophilicity (E) and nucleophilicity (B) of the solvent-water mixtures were calculated as additive functions of their mole fractions, according to Palm (32) .
RESULTS AND DISCUSSION
Chl a monomer → aggregate transition
For the purpose of the present work, six polar solvents were selected that are of very different chemical nature and cover a wide range of values of medium physical parameters such as index of refraction and dielectric constant ( Table 1) . As is shown in Table 1 these solvents give rise to four types of specific solvates of monomeric Chl a that also imitate different in vivo pigment environments. The parameters used for the quantitative characterization of different specific and nonspecific solvation properties of the solvents and water are also listed in Table 1 . In order to assess the role of the different properties of the medium on Chl association only, the concentration of Chl a was low and kept constant in all solvents and solvent-water mixtures. By varying the molar ratio of solvents and water that are miscible in all proportions, it was possible to change all medium parameters and thus to induce the association of Chl molecules. Figure 1 shows the effect of the increase of water content on the relative fluorescence quantum yield w / o (normalized with respect to those of monomeric Chl a in the respective nonaqueous solvent). These curves were used as a diagnostic tool for the degree of Chl monomer → aggregate transition.
The grounds to use w / o as a measure of the fraction of the monomeric Chl molecules in the mixtures were (1) by definition it directly yields the number of fluorescing molecules; (2) these fluorescing molecules are the monomeric Chl a because the excitation is at 430 nm, i.e. not at the wavelength longer than the Soret absorption maximum, a region for excitation of aggregated Chl a (20) ; (3) it is well known that aggregated forms of Chl a in dilute polar solvent-water mixtures are practically nonfluorescent or nearly so at room temperature (9, 12) and the possible part of their fluorescence (Յ1% with respect to the monomeric ones) is included in the error limits connected with the calculation of the relative quantum yields (relative error at the highest mole fractions of water Ϯ10-15%). Figure 1 demonstrates that the effect of water on the relative quantum yield of Chl a can be divided into three zones. In zone I, the linearly approximated part of the curves, the changes in w / o are small and continuous depending on the pure solvent. These changes are ascribed to changes in the dielectric constant of the solutions of the monomeric Chl a (13) and also to changes in the type of specific solvation of monomeric Chl a (14,35) (see below). In zone II, termed here the transition zone, there is an abrupt decrease of fluorescence quantum yield, i.e. a strong decrease in the number of monomeric Chl a with an increase in water content. The mole fractions of water at which the quenching of Chl a fluorescence starts, i.e. the onset of the monomer → aggregate transition, in each of the solvent-water mixtures are different and increase in succession MeOH Ͻ EtOH Ͻ ACN Ͻ ACE Ͻ PYR Ͻ THF. This result indicates that the different solvents exert different association power on Chl a in mixtures with water and will be discussed later. In zone III, there is no fluorescence, i.e. the transition is already completed, and all the monomeric Chl exists in aggregate form. In this study, the effect of solvent-water composition on the aggregation of Chl a is examined until the full quenching of the monomeric Chl fluorescence is accomplished. As a whole, the values of the mole fractions of water, marking the transition zone, are in accordance with previous studies (6,12,13,15). In order to assess which properties of the medium promote Chl association, the midpoints of the fluorescence quenching curves with respect to the mole fractions of water were estimated. At that point, the fraction of monomeric Chl a is the same for all mixtures, irrespective of the cooperativity of the transition (7) and the intermediate small aggregates (dimers, trimers, etc.) formed during the transition. The idea was to find a characteristic parameter of the medium that has similar values in all different solvent-water mixtures at the midpoint of the transition. In this way we intended to decipher the interactions responsible for Chl a self-assembly. Table 2 summarizes the mole fraction of water f 1/2 values for all mixtures that correspond to the midpoint of each w / o curve, presented in Fig. 1 . The values of f 1/2 in the different mixtures increase in the same order as at the onset of the transition.
The quantitative characterization of the different medium properties for the f 1/2 mixtures is done by the values of their physical constants (Table 2 ) and empirical parameters ( Table  3 ). The comparison of the relative deviations of the weighted mean values (36) for all parameters, as well as the sum of their relative deviations (Table 3) shows that these deviations are smallest for the E T (30) parameter and for two of the four-parametric scale of Koppel and Palm, Y 1/2 and E 1/2 . Taking into account that these deviations are within the same range as the maximum error limits imposed by the f 1/2 values (Յ4% , Table 2 ), it is clear that the values of the E T (30) parameter, and those of the Y 1/2 and the E 1/2 parameters can be taken as equal within the experimental error for all six mixtures. Note also that the pure solvents have very different empirical parameters (Table 1) . Thus, irrespective of the kind of polar solvent, the monomer → aggregate transition takes place at certain values of the solvent parameters E T (30), Y and E. This result is convincing evidence that the properties of the medium, characterized by these parameters, are of primary importance for Chl a association in aqueous media.
How the medium promotes Chl a self-assembly
The empirical parameter polarity E T (30) from the single parametric approach of Reichardt and Dimroth as described by Reichardt in (22) is essentially a scale reflecting dipoledipole interactions (expressed by the function of the dielectric constant, ⑀) with the addition of the hydrogen-bonding ability of the solvent (37) . The E T (30) polarity scale is one of the various empirical scales introduced to characterize the solvation ability of solvents. In view of the complexity of solute-solvent interactions, it is beneficial to correlate the association of Chl a molecules in aqueous solutions with a single parameter.
The second quantitative approach used here gives the complete description of all specific and nonspecific solvating abilities of the solvents. It is noteworthy that the exact same two properties characterized by the E T (30) parameter are the properties characterized quantitatively by the parameters Y and E from the four-parametric approach of Koppel and Palm as described by Palm in (32). The nonspecific polarity parameter Y measures solvent polarization used in the form of the Kirkwood function (⑀ Ϫ 1)/(⑀ ϩ 2). Y characterizes the polarity of the solvent in terms of dipole moments. The larger the polarity of the medium, the larger the average dipole moment and the better the alignment of molecules. --) ) and in their mixtures with water at the onset (spectra 2 (· · · ·)) and at the completion of the monomer → aggregate transition when equilibrium was reached (spectra 3 (--)). Spectra 3Ј (----) in a and c are the spectra recorded just after the water admixing. The spectral transformations to the respective spectra 3 took 10-15 h and 8-10 h, respectively. See Table 4 This parameter reflects dipole-dipole (orientation) interactions. The specific solvation parameter electrophilicity (E) measures the Lewis acidity (electrophilic solvating power, hydrogen-bond donating ability). Thus, the identical results obtained in this work by applying two quantitative approaches allow us to state that the association of Chl a depends on the hydrogen-bonding and orientation interactions of the aqueous media irrespective of the kind of polar solvent. It is important to note that until now these parameters have been used to characterize only the properties of the medium, i.e. the interactions within the bulk system. With respect to Chl a, these interactions can be considered indirect. Consequently, the conclusion is that the process of Chl a self-assembly in aqueous medium is a solvent-structure-induced process. The Chl molecules are forced to come together and to associate when the hydrogenbonding and dipole-dipole interactions establish a certain degree of short-and long-range ordering in the bulk system qualitatively characterized by the values of parameters E and Y, respectively. The creation of a hydrogen-bond network in the system with or without the participation of the initial nonaqueous solvent in this network (38) is the driving force for Chl association in aqueous media. Thus, the correlation between the structure of the aqueous medium and Chl aggregation is established.
The solvents used arrange in the order MeOH Ͻ EtOH Ͻ ACN Ͻ ACE Ͻ PYR Ͻ THF with respect to the onset and f 1/2 values. The findings that the parameter polarizability (P) and nucleophilicity (B) are different at the midpoint of the transition indicates that these two parameters are a specific, peculiar feature for the particular solvents that determine their different power in mixtures with water to the self-assembly of Chl a. Considering the structure of the bulk system, this finding also means that these two parameters determine the graded solvent effect (MeOH Ͻ EtOH Ͻ ACN Ͻ ACE Ͻ PYR Ͻ THF) on the bulk structure. As is shown in the next section, the same two parameters are also responsible for the different types of Chl a aggregate organization.
Spectral characteristics of Chl a solubility and aggregation
In order to find a correlation between the solvent parameters and the type of Chl aggregates we compared the spectral characteristics at two important values of mole fractions of water established from Fig. 1 . In all mixtures, at the onset and completion of transition, all Chl molecules are in monomeric and fully aggregated states, respectively. At these points, the interactions with and/or between solvent and water molecules are expected to be responsible for differences in the state of Chl a.
Chl a in pure solvents and at the onset of transition. The comparison of spectra 1 and 2 in Fig. 2 for all samples shows that the increase in water content up to the onset values (see Table 4 for the respective values) has the most profound effect on the Soret band intensity (⑀ s ). It is well established that the hydrogen bonding of solvent molecules at the carbonyl oxygen of the isocyclic ring changes the absorption spectra markedly (23). Renge and Avarmaa (23) have found an inverse linear correlation between ⑀ s and the solvent pa- (23) as a marker for the existence of hydrogen bonding mainly to the Chl a keto carbonyl group (see the original paper for the respective spectral values and solvent parameters). Table 5 presents the assignment of the hydrogen bonding based on these spectral features.
The assignment of a coordination number 5 or 6 to the Mg atom, i.e. L 1 or L 2 types of specific solvates of Chl a, was based on the other two semiquantitative indices of the absorption spectra introduced by Renge and Bitova (24) . The relative content of L 2 and L 1 solvates can be determined from the ratio ⑀(S 2 ← S 0 , L 2 )/⑀(S 21 ← S 0 , L 1 ). The value of ⑀(S 2 ← S 0 , L 2 ) is taken at the wavelength of the minimum between the S 1 ← S 0 (Q y ) and S 11 ← S 0 bands (usually at ϳ610 nm); the value of ⑀(S 21 ← S 0 , L 1 ) is taken at the wavelength where there is a maximum of the S 21 ← S 0 band of the Chl a·L 1 complex (usually at ϳ580 nm). It is important to note that recently Umetsu et al. (39) have confirmed the sensitivity of these spectral regions to the coordination state of Chl a. An additional indication for the coexistence of L 2 and L 1 solvates is the wavelength (in red direction) at which the Soret band intensity is a quarter of the maximum ([1/4 Soret]). Table 5 presents the coordination number of Mg as determined with these indices. It is important to note that in pure solvents the same assignment of the coordination number of Mg and the hydrogen bonding of Chl a is derived when the resonance Raman (RR) markers are used (28, 29) . In this sense, the assignment of hydrogen-bonding and coordination interactions is well founded by the RR data.
In all mixtures at the onset of transition, with exception of THF (Table 4) , the changes in absorption characteristics are accompanied with a 20% increase in the fluorescence band FWHM and the reduction of fluorescence lifetime f to the values close to those in MeOH and EtOH. It was found that the existence of hydrogen bonding with solvent remarkably (30-40%) increases the FWHM of the main fluorescence band of Chl b at 5 K (40). The effect is the same for Chl a at room temperature (35) . A 20-25% increase in FWHM was established by comparing the fluorescence spectra of Chl a in polar solvents with and without hydrogenbond donating ability. Such differences cannot be explained solely by the effect of the dielectric constant. The same is seen with the comparison of fluorescence halfwidth in pure solvents ( Table 4 ). The fluorescence lifetime is also solvent dependent (41), being lowest in alcohols and highest in aprotic polar solvents. In the case of nondegassed polar solvents, practically no difference exists between L 1 and L 1(2) H solvates. Thus, these fluorescence parameters confirm the assignments presented in Table 5 .
To sum up, at the onset of the transition, when the Chl is still in monomeric form, PYR and THF behave differently compared to the other four solvents in mixtures with water, not only by the lower degree of hydration, expressed by the higher values of ⑀ s /⑀ sЈ , but also in their ability to stabilize the predominantly six-coordinated state of the Mg atom and by the absence of a strong hydrogen-bonded water molecule. This finding can be explained by the higher values of parameters P and B for PYR and THF. It is important to note that the hydration of Chl a decreases in the same order just as the stabilization of hexacoordinated Mg increases in different solvent-water mixtures. Based on this, it can be concluded that maintaining Chl a in monomeric state is a balance between the hydration and preferential solvation by strongly nucleophilic solvents.
Chl a aggregates in different mixtures before and when equilibrium was reached. The spectral transformations in different solvents took different times after the addition of water. In EtOH, ACE, PYR and THF, the aggregates presented as spectra 3 in Fig. 2 were formed just after the water admixing. No additional spectral transformations were observed during prolonged monitoring (2 days). In MeOH and ACN after water admixing, the short-wavelength-absorbing aggregate appears (spectra 3Ј, Fig. 2 ) with characteristic red band tailing toward the longer wavelength region and the appearance of a small peak in that region. Its direct conversion to those presented with spectra 3 in Fig. 2 took 10-15 and 8-10 h, respectively. No additional transformations of spectra 3 were observed after prolonged standing (2 days). The state of aggregation in MeOH and EtOH was examined during a 1 week period. No changes in the shape of the spectra or in the absorption maxima were detected.
Comparison of the spectra at the completion of transition (spectra 3 in Fig. 2, Table 4 ) demonstrates the profound difference in the types of aggregates formed in MeOH-, EtOH-, ACN-, and ACE-water mixtures, on one side, and in PYR and THF, on the other side. Thus, the solvents can be divided into two groups based on their disparate effect on the type of Chl aggregate formation. The first group (MeOH, EtOH, ACE, ACN) in mixture with water gives rise to a strongly red-shifted Chl aggregate with Soret max at 445-455 nm and Q y max at 742-753 nm (C750). The shape of the spectra in MeOH-, EtOH-, ACN-, and ACE-water mixtures (Fig. 2, spectra 3 and Table 4 ) is very similar. This spectral form is usually ascribed to the polymeric species of dihydrated Chl a (Chl a·2H 2 O) n (8) . The single Chl a molecule is hydrogen bonded to a water molecule and the second water molecule is the fifth ligand to the Mg of Chl a. Recently, Oba et al. (42) confirmed this assignment for the polar solvent-water mixture (aqueous 2-propanol) by using RR spectroscopy. Thus, the main conclusion from this comparison is that in the group I solvents, the water molecules succeed to replace the initial solvent molecules from the first solvation shell of Chl a giving rise to the polymeric aggregates of the type (Chl a·2H 2 O) n , while in group II (PYR and THF) water is not able to do this. Alfano et al. (43) have shown that the fluorescence lifetime of such aggregates can be used for estimation of their aggregation number. It is equal to the f of the monomer divided by the f of the aggregate. The time and intensity resolution of our apparatus for fluorescence lifetime measurements was insufficient for precise measurements on practically nonfluorescent probes. Nevertheless, the lifetimes presented in Table 4 can be used for rough estimation of the aggregate number. For ACEwater mixtures, the average fluorescence lifetime of the whole emission spectrum (using a 660 nm cut-off filter) was 1.6 ns, while in the long wavelength part of the spectrum (using a 710 nm cut-off filter) it was about 0.1 ns. This value yields an aggregate size of n Ͼ 60 molecules. For MeOH, EtOH and ACN, the signal was so small that it did not allow us to measure in the long wavelength part of the emission spectrum. The lifetimes registered for the whole emission spectrum (using a 660 nm cut-off filter) for these mixtures (Table 4 ) suggest a larger size of aggregates (n Ͼ 100) compared with those in the ACE-water mixtures. These lifetime differences could be used to explain the difference in the absorption maximum, 742 nm for ACE and 752 nm for the other three solvents, with the different aggregation number. Note that the same difference in absorption spectra exists between ethyl-and methyl-chlorophyllide a microcrystals (44); nevertheless, both chlorophyllides occur as crystalline dihydrates.
In contrast, the spectra of Chl a with the group II solventwater mixtures (Fig. 2, spectra 3e, 3f) and those formed at the initial stage of the aggregation with the group I solvents (Fig. 2, spectra 3Ј) as a whole differ slightly from the monomeric ones. The main differences in comparing the monomers in pure solvents are an increase in the ratio Soret/Q y , with a concomitant decrease of the intensity of the Q y band, an increase of light scattering and, of course, absence of fluorescence and extremely short fluorescence lifetimes. Compared with the form at the onset of the transition, the ⑀ s /⑀ sЈ ratio increases (clear indication for the decreased hydration of Chl), the Soret band halfwidth decreases and Q y intensity decreases (⑀ sЈ /⑀ r ratio increases, Tables 4 and 5 ). The spectra 3Ј and spectra 3 of PYR and THF (Fig. 2) are identical to those of the typical colloidal aggregate of Chl a observed in various polar solvent-water mixtures (9, 10, 13, 16, 45) . The exact location of the red absorption band in the 670-675 nm region and the ratio ⑀ s /⑀ sЈ depends on the conditions of mixing and the concentration of Chl. This dependence is also seen in the results for EtOH-water done at higher concentrations of Chl a and at different mixing conditions (Table 6 ). The fluorescence lifetimes of the transient colloidal aggregate C670 and of the C750 aggregate in MeOH and ACN are equal.
Based on the monomer-like absorption spectra of the C670 aggregate, it was possible to determine the coordination number of the Mg and the hydrogen bonding in the same way as described for monomeric Chl a. Table 5 presents these data and allows a comparison between the different observed absorption forms, both stable and transient. Thus, in contrast to the stable C750 aggregates and its precursor C670, this form in PYR and THF is built from predominantly six-coordinated Chl a by two solvent (not water) molecules, and H-bonding interactions do not play a decisive role in its stability. The absorption spectra of the transient aggregate C670 (spectra 3Ј, Fig. 2 ) is identical to that in aqueous dimethylsulfoxide (DMSO) (16) . Koyama et al. (29) determined that Chl a in aqueous DMSO is five-coordinated and hydrogen bonded by using RR spectroscopy. In this sense, the assignment made here for the transient colloidal C670 aggregate is substantiated by RR data.
Comparison between the colloidal aggregates C670. The C670 aggregate in PYR and THF-water, (Chl a·L 2 ) n , and the transient C670 aggregate in MeOH and ACN-water, (Chl a·L 1 ·H 2 O) n , also differ in their spectral parameter ⑀ sЈ /⑀ r and in the width of the red band (cf. Fig. 2, spectra 3 and 3Ј) . Table 6 presents these data as well as a comparison with other systems. In both aggregates the absorption maximum is located at 670 nm, an indication that the -electrons of the adjacent molecules have no overlap. But as these aggregates differ in the number of the Mg axial ligands and the six-coordination can suppress the closeness of the macrocycles compared to the five-coordinated Mg, it is intuitively obvious that they can differ in their molecular packing density in the region of the chlorin macrocycles. In order to test this assumption, we compared the absorption parameters of Chl a monolayers at different pressures (46) that are also included in Table 6 . It is clearly evident from the values of the absorption parameters corresponding to the area per molecule of 98 Å 2 and 37 Å 2 that the increase in the spectral parameter ⑀ sЈ /⑀ r and the width of the red band reflect the increased packing density. Thus, it can be concluded that aggregates of the type (Chl a·L 2 ) n have a higher area per Chl molecule exposed to the water subphase compared with the aggregates of the type (Chl a·L 1 ·H 2 O) n . On the other hand, it is known that the C750 form, (Chl a·2H 2 O) n , which is peculiar with its regular stacking of the Chl macrocycles and the shortest distance between them, has the smallest area per Chl molecule of 17 Å 2 (47) .
If we compare the solvation parameters of PYR and THF with those of the other four solvents and water (Table 1) , it is clear that they differ with respect to their nucleophilicity (B) and polarizability (P) parameters. Thus, it can be concluded that these parameters are important for the disparate effect the two groups of solvents have on the solubility and aggregation of Chl a in aqueous media.
How the environment modulates the type of Chl organization
The nonspecific polarizability parameter (P) is a function of the index of refraction of the medium, P ϭ (n 2 Ϫ 1)/(n 2 ϩ 2), and reflects dipole-induced dipole interactions, according to classical dielectric theory (32) . The larger the polarizability of a solvent, the greater its ability to bind to polarizable and weakly hydrophobic sites. For the case of Chl a, Seely and Jensen (26) have shown that aromatic molecules such as PYR and THF produce the greatest solvation effects on Chl that may result from some complexation with the porphyrin ring. On the other hand, there is a well-established correlation between the polarizability of various low-molecular weight substances and their water structure-breaking activity (38, 48) . Obviously, both properties of highly polarizable solvents (PYR and THF)-a propensity for enhanced solvation of Chl a and the disruption of water structurewould be complimented in retaining the Chl in a monomeric state at higher water concentrations, when compared to solvents of group I, as well as preventing higher aggregation utilizing water molecules.
The nucleophilicity parameter (B) measures the Lewis basicity (nucleophilic solvating power, electron pair donating ability) of the solvent. It is similar to the well-known donor number parameter (21) , and similarly, it is proportional to the strength of electron donor-acceptor interactions. As the Mg 2ϩ of Chl a is the strongest electron-accepting center, the value of B is proportional to the strength of solvent-Mg coordination interaction. Thus, the higher polarizability and coordination abilities of PYR and THF, exerted via the preferential solvation and strong coordination interaction, maintain the hexacoordinated state of Mg and in this way prevent the higher hydration of monomeric Chl a at higher water content. The strong solvation of the Chl macrocycles by these monofunctional solvents does not allow strong macrocycle-macrocycle interactions mediated by water and the formation of higher aggregates C750 by using the water molecules. It is clear that the looseness of the molecular packing at the macrocycle region requires the involvement of phytolphytol interactions for the relative stability of these aggregates in aqueous media.
Mechanism of Chl a dissolution and aggregation in aqueous media
Three main findings of this work: (1) the correlation between the structure of the medium and the aggregation of Chl a; (2) the graded response of the solvents with respect to the water content at the onset and the midpoint of Chl a monomer → aggregate transformation; (3) the differentiation of the solvents into two groups, based on the disparate effects that they exert on the Chl a aggregate organization, are a consistent advantage that permits the elucidation of the mechanism for Chl dissolution and aggregation in various aqueous media. The established ordering of solventsMeOH Ͻ EtOH Ͻ ACN Ͻ ACE Ͻ PYR Ͻ THF-yields a typical lyotropic (Hofmeister) series (49) . Much smaller amounts of THF and PYR are needed to disrupt medium structure (i.e. to keep the Chl monomer from associating with others) compared to the solvents on the left side of the order (MeOH, EtOH). The ability of many substances of low-molecular weight (salts, solvents, amino acids, etc.) to exhibit lyotropic effects on the solubility, stability and functional activity of biological macromolecules and biomolecular assemblies is well known (48, 49) . A large number of experimental studies show that the properties of the interface between aqueous and nonaqueous phases can be markedly affected via indirect interactions with added substances (49) . These substances stabilize or destabilize the structure of bulk water (liquid) and thus influence the properties of interfacial water (the Hofmeister effect). The particular solvents in such series exert disparate effects on the behavior of biological macromolecules or biomolecular assemblies, depending on their position in the Hofmeister series, i.e. depending on their effect on bulk structure (48) (49) (50) . The solvents on the left side of the Hofmeister series are termed kosmotropes (structure makers) and usually stabilize native protein conformation. In contrast, those on the right side of the series, termed chaotropes (structure breakers), destabilize native protein conformation. The tendency of Hofmeister solutes to distribute unevenly between bulk system and interfaces is a well-known experimental fact (48, 49) . It is also generally recognized that kosmotropes favor the stability of conformations with reduced surface area, while chaotropes favor those with increased surface area. For the case of modulation of lipid-phase behavior by kosmotropes and chaotropes these experimental observations have recently been theoretically substantiated (50) . The derived general thermodynamic equation provides a clear description in physical quantities of the disparate effects of the different substances on the lipid-phase behavior. According to that equation, kosmotropes and chaotropes have opposite effects on the lipid-phase behavior due to their uneven distribution between interfacial (bound) and bulk (free) water. Kosmotropes tend to be excluded from the interface, while chaotropes tend to accumulate at the interface. Kosmotropes favor the L ␤ (gel) and the inverted hexagonal H II phases at the expense of the L ␣ (liquid crystalline) phase, as the former phases have reduced area per lipid molecule exposed to water. To the contrary, chaotropes tend to expand the lipid interface area and favor the L ␣ phase, as that phase has the largest area per lipid molecule.
It is evident from Table 7 that just as displayed in lipidphase behavior, the two groups of solvents exert their disparate effects on Chl aggregate organization. The solvents from group I (MeOH, EtOH, ACE and ACN) act as kosmotropic substances. They stabilize the structure of bulk liquid (their position in the series) and tend to be excluded from the interfacial Chl-water regions (Table 7 ). In turn, this brings about a tendency to reduce the energetically unfavorable area of Chl-water contact. The surface area per Chl molecule is strongly reduced by the formation of the twowater hydrogen-bonding network that keeps the Chl macrocyles close to each other. These solvents favor the C750 aggregates at the expense of C670 as the former aggregate has the smallest surface area per Chl molecule at the interface between aqueous and nonaqueous phases. By the same argument, the solvents from group II (PYR and THF) act as chaotropes. They tend to disrupt the bulk structure (their position in the series), accumulate at the Chl interface and directly interact with Chl electrophilic interfacial group Mg 2ϩ (Table 7) . They support the C670 aggregate, as it has the largest area per Chl molecule exposed at the interface. Thus, based on these data concerning the disparate effect of solvents on Chl aggregates, we have shown that the mechanism for Chl self-assembly in aqueous media can be considered a manifestation of the Hofmeister effect, as displayed
